Abstract C u r r e n t experimental r e s u l t s indicate that sonoluminescence is largely t h e r m a l i n origin, with the s p e c t r a showing a d i r e c t relation between luminous intensity and the temper ature s generated inside the collapsing cavitation bubbles. In the p r e s e n t paper the strong dependence of the luminous intensity on the nature of the gas dissolved in the liquid is explained i n t e r m s of ther ma1 conduction. Provided the cavitation bubbles a r e sufficiently small, l o s s of heat f r o m the bubble into the liquid can significantly reduce the t e m p e r a t u r e s attained during collapse, s o that t h e r e is a consequent reduction in the luminous intensity. This p r o c e s s is demonstrated analytically by means of a numerical solution of the equations of motion of a gas inside a collapsing cavitation bubble. The a g r e ement between the theory and the observed luminous intensities for different dissolved g a s e s is good,
Introduction
Sonoluminescence i s a weak emission of light which o c c u r s when a liquid with dissolved gas i s cavitated by a sound field. It i s readily observed that the lumimscence comes f r o m the cavitation bubbles and also that i t o c c u r s in flashes with the s a m e frequency a s that of the sound.
Although this effect h a s been known since the e a r l y 19301s, i t i s only recently that quantitative results could be obtained using modern photomultiplier tubes. These results have been summarized and discussed by J a r m a n ' l who concludes that they can best be explained on the assumption that sonolumines cence i s largely t h e r m a l in origin. The cavitation bubbles collapse due to a r e t u r n of positive p r e s s u r e and compress the gas inside so that i t becomes momentarily incandescent. Such high p r e s s u r e s w e r e predicted by Rayleigh[21 a long time ago and a r i s e b ecause of the l a r g e inertial forces which a r e exerted when the liquid advances into the rarefied gaseous phase.
The s p e c t r a of sonolumine s cence support this hypothesis. All distinctive band and line spectra appear to have been s m e a r e d out a s though by v e r y high [ 31 to f o r m a continuous distribution which usually s t r e t c h e s f r o m the infra-red well into the ultra-violet. F o r example the s p e c t r a of sonoluminescence for different gases dissolved i n water appear to resemble that of a black body radiating between 6,000 K , [ l Ip. J a r m a n : J . Acoust. Soc. A m e r . , 32, 1459 (1960) .
[ Lord Rayleigh: Phil. Mag. , 34, 94 (1 91 7) [ 3 1~u . N. Ryabinin: "Gases a t High Densities and Temperatures", The luminosity with helium was barely preceptible and with hydrogen could not be observed a t all. The cause of this wide variation in intensity h a s not been very clearly understood, and the theory of the thermal origin of sonluminescence has been thought to be inadequate because i t did not appear to account for i t in a straightforward manner. However, such c r i t i c i s m i s founded on the assumption that the cavitation bubbles collapse so rapidly that the gas i s compressed adiabatically, and in the following analysis of the experiments of Prudhomme and Guilmart i t will be shown that this i s not the case.
Cavitation bubbles a r e of two main types, namely the vaporous and the gaseous 81 ' [ I . The f o r m e r contain the liquid vapor principally 14] P. Gunther, E.Heim and H. V. Borgstedt: Z . Electrochem. ,63,43(1959) .
[ 51 D. Srinivasan: "The Sonoluminescence of Water". P h . D. Thesis
University of Missouri (1 955).
[ 61 R. 0 . Prudhomme and Th. Guilmart: J. Chim. P h y s . , 54, 336(1957) .
[ 7 1 P. Gunther, W. Zeil, U. Grisaw,E.Heim: Z. Electrochem., 61,188(1957 shows that the rate of growth of such small nuclei will be relatively rapid, so that the bubbles quickly become l a r g e enough to allow the expansion and collapse typical of cavitation. Whether they grow much beyond this stage i s uncertain. It i s obvious f r o m observation that they do not continue to grow indefinitely and must eventually break up into s m a l l e r bubbles which then continue the p r o c e s s .
The size of the cavitation bubbles i s actually of critical importance.
In their experiments Prudhomme and Guilmart made no direct observation of bubble size. However they did state that the excitation frequency was 960 k c / s e c and the power of the transducer was 90 watts, and this information can be used a s follows to estimate the maximum size of the No v e r y precise description can be given of this evolution, however. In particular it i s difficult to determine just how much gas and vapor will be present in the bubble when i t s surface goes into l a r g e scale oscillation. It obviously s t a r t s with exceedingly small amounts which i n c r e a s e by means of rectified diffusion f r o m the dissolved gas in the liquid. In addition the gas content can be i n c r e a s e d by the coalescence of s e v e r a l bubbles, since there a r e a v e r y l a r g e number situated close together in a typical cavitation cloud.
Thus i t would appear that the gas content of a bubble could vary over quite a wide range. However i t will be shown that the amount of gas n e c e s s a r y f o r effective luminescence i s moderately s m a l l and r e s t r i c t e d between f a i r l y definite l i m i t s , s o that only a certain proportion of the bubbles will be in the right condition. This a g r e e s with observation since sonoluminescence would presumably be much brighter if all the bubbles i n a cavitation cloud could radiate.
Radiation in the visible region of the s p e c t r u m occurs when a gas 0 reaches t e m p e r a t u r e s in excess of about 1,000 K. Prudhomme and G u i l m a r t in fact m e a s u r e d t h e i r intensities in the u l t r a violet, with a photocell operating in the range 190 m p t o 280 m p and having a s h a r p maximum sensitivity a t 230 m p . Hence the t e m p e r a t u r e attained by the g a s would have to be of the o r d e r of 10,0000K[ 31. This e s t i m a t e i s i n a g r e e m e n t with the s p e c t r a l distributions mentioned e a r l i e r [ 4 J 9 [ 5 1 . TO r e a c h such t e m p e r a t u r e s would r e q u i r e a n adiabatic compression caused The collapse of a bubble i s generally considered to be quite rapid.
.However,the i n e r t i a l f o r c e s in the liquid r e q u i r e t i m e to build up and gene r a t e high velocities a t the cavity wall. The p r e s e n c e of the gas inside does not affect the motion of the interface significantly until the v e r y final s t a g e s when i t eventually b r i n g s i t to r e s t . ' p r e s s u r e of 3 atmospheres i s used. The collapse time T i s then about *psec. Inside the bubble t h e r e i s assumed to be a uniform adiabatic gas of initial p r e s s u r e 5 X 1 o -~ atmospheres a t ordinary t e m p e r a t u r e s . Figure 1 shows how the radius R of the bubble will v a r y with time t for different y, the ratio of the specific heats of the g a s . The temperature of the gas goes a s ( R~I R )~ (Y-' ) and the p r e s s u r e a s ( R o /~) ' ' . The motion i s seen to be relatively independent of the presence of the gas u p to R/Ro " 0. 3. At this stage the elapsed time t i s about 0.97 7 and the velocity h a s reached a value of about 7 X 1 03cm/ s e c . i . e . i t i s still distinctly subsonic with respect to a gas a t ordinary t e m p e r a t u r e s . The m o s t significant point to notice f r o m Fig. 1 however, i s that, if some of the energy of the gas molecules i s lost,or i s absorbed within the molecule because of additional degrees of freedom, then the bubble attains lower final t e m p e r a t u r e s and collapses to s m a l l e r radii. This will profoundly affect the intensity of any resulting luminescence. Now a i r a t ordinary temperat u r e s and at 0.1 atmosphere p r e s s u r e h a s a t h e r m a l diffusivity of about 3 cm2 / s e c . Corresponding to a time of $ p s e c , the t h e r m a l diffusion length i s then about 1 o q 5 c m i . e . equivalent to the dimensions of the bubble. Thus, since the surrounding water a c t s a s an effective heat sink, i t i s obvious that significant heat l o s s e s f r o m the gas inside the bubble can be expected during collapse, and that the luminous intensity will be affected correspondingly. If the initial p r e s s u r e in the gas i s much lower than 0.1 atmospheres -5 say about 10 atmospheres o r l e s s , then the t h e r m a l diffusivity will be l a r g e r and the gas can be expected to remain in t h e r m a l equilibrium with the liquid at the bubble wall o v e r m o s t of the motion. This m e a n s that i t will r e m a i n a l m o s t i s o t h e r m a l , and that only during the final stages will i t approach adi9batic conditions. Hence the final t e m p e r a t u r e s will not be s o high and the final radius will be s m a l l e r , s o that not much luminescence can be expected a s a consequence. This e s t a b l i s h e s a lower l i m i t on the amount of g a s n e c e s s a r y f o r effective luminescence. Actually f o r initial -3 p r e s s u r e s of the o r d e r of 10 a t m o s p h e r e s i t i s inappropriate to consider t h e r m a l diffusion in the g a s f r o m a continuum standpoint, since the m e a n f r e e paths a r e somewhat l a r g e r than the dimensions of the bubble. Howe v e r i t can be shown that t h e r e i s sufficient t i m e f o r the gas molecules t o experience a l a r g e number of collisions with the bubble wall during m o s t of the collapse, s o that the conclusion i s essentially the s a m e .
Since condensation and evaporation r a t e s a r e comparatively slow, w a t e r vapor will behave r a t h e r like a permanent gas and, since i t i s triatomic, i t will effectively quench [ 31 the luminescence of other g a s e s if i t i s p r e s e n t in any quantity. As h a s been pointed out e a r l i e r , no l u m i n e scence could be o b s e r v e d f r o m vaporous cavitation in water' ' I , and i t s e e m s apparent f r o m the experiments of J a r m a n [ 121 that the p r e s e n c e of the liquid vapor does indeed diminish sonolumines cence. Also sonolumi--nescence a p p e a r s quite distinctive f o r each dissolved gas and does not a p p e a r to a r i s e f r o m a m i x t u r e in which one constituent i s always the s a m e .
F o r these r e a s o n s i t i s doubtful whether t h e r e can be a high proportion of vapor in the luminescing bubbles. As h a s a l r e a d y been pointed out, a typical cavitation cloud will contain bubbles whose g a s and vapor content [ P. J a r m a n : P r o c . P b y s . Soc. (London)73, 628 (1959) .
can be expected to v a r y o v e r quite a wide r a n g e , and the luminescing bubbles will be those with the right amount of g a s combined with only a ' s m a l l amount of vapor.
The fact that l o s s of h e a t f r o m the gas inside the bubbles s i gnificantly affects the intensity of sonoluminescene, can be u s e d to explain the wide variation in intensity which h a s been o b s e r v e d for different d i ssolved g a s e s . This conclusion i s supported by Table 1 where t h e r e i s shown to be a c l e a r i n v e r s e relation between the t h e r m a l conductivities liquids . The amount of dissolved g a s can affect the number of the bubbles and, m o r e significantly, t h e i r gas content. However t h e s e will a l s o depend on the diffusivity of the g a s in the liquid which a p p e a r s i 9 ] to exhibit an opposite t r e n d to that of the solubility, i . e . , the s m a l l e r molecules a r e m o r e mobile and accumulate in the bubbles m o r e readily. Hence, provided t h e r e i s sufficient gas p r e s e n t i t i s not c e r t a i n that the luminous intensity should be related to the solubility. In comparison the modifying [ 31 T h o r p e ' s Dictionary of Applied C h e m i s t r y , 4th E d i t . , Longmans G r e e n and Co.
[ 14] Handbook of C h e m i s t r y and P h y s i c s , 41st Edit. Chemical Rubber Publishing Company. intensities and any p a r a m e t e r which i s dependent on the molecular weight.
However the t h e r m a l conductivity i s itself dependent on the molecular weight, so that i t would f i r s t be n e c e s s a r y to d e m o n s t r a t e that a p a r a m e t e r r e l a t e s to a p r o c e s s which can c l e a r l y affect the luminescence, before attaching any p a r t i c u l a r significance to i t .
It i s evident that the luminous intensity will be dependent on the behavior of the gas during the final stages of collapse, and on the kinds of e m i s s i o n which can o c c u r under such conditions. It h a s been suggested f o r instance by J a r m a n ' ' that m i c r o s h o c k s m a y be responsible f o r p a r t of the luminescence, and since the motion of the bubble wall can be s u p e rsonic at t h i s point, this idea would s e e m t o be quite plausible. However the final s t a g e s of the collapse and the resulting e m i s s i o n a r e outside the scope of t h i s p a p e r . It i s sufficient f o r p r e s e n t p u r p o s e s to point out that whatever takes place in the gas during these s t a g e s , will be strongly affected by the heat l o s s e s which can o c c u r in the e a r l i e r motion.
Although i t h a s been e s t i m a t e d that h e a t conduction does affect the behavior of the gas inside the bubble, i t would be of s o m e i n t e r e s t to examine the p r o c e s s in m o r e detail. In p a r t i c u l a r i t would be interesting to d e t e r m i n e how the effect of t h e r m a l conduction v a r i e s with bubble s i z e , and under what conditions the t e m p e r a t u r e of neon will become lower than that of nitrogen so a s to a c c o r d with the relative luminescences given in Table 1 . An a n a l y s i s i s t h e r e f o r e p r e s e n t e d b a s e d on a simplified model of a collapsing s p h e r i c a l cavity in which the equations of motion of a t h e r m a l l y conducting ideal gas a r e solved n u m e r i c a l l y up to the stage R / R o = 0. 3. During t h i s p a r t of the motion, the bubble wall h a s a velocity which i s much lower than the velocity of sound in the gas. Hence the acoustic waves generated b/ the motion of the wall have enough time to be reflected a t the center of the cavity, thus avoiding the development of a p r e s s u r e front. This makes the numerical solution relatively straightforward.
D e s c r i p t i~n of the Analytical Model
A spherical cavity in an incompressible liquid contains a thermally conducting ideal gas with negligible quantities of the liquid vapor. It i s a s s u m e d that both the gas and the liquid a r e non-viscous, and that p r i o r to collapse they have the same uniform t e m p e r a t u r e . It i s also a sTo sumed that during the collapse p r o c e s s , the t e m p e r a t u r e r i s e in the liquid a t the cavity wall i s negligible in comparison to the r i s e in temperature of the gas. This can be justified on the b a s i s that the heat capacity of the liquid i s much g r e a t e r than that of the gas. Although the thermal conductivity of the liquid i s generally about ten t i m e s g r e a t e r than that of the g a s , the t h e r m a l diffusivity of the gas will still be much g r e a t e r than that of the liquid. Hence the thermal effects due to a t r a n s f e r of heat out of the cavity will be confined to a comparatively narrow region of liquid next to the interface [ I . Since the temperature gradient in the liquid h a s i t s greate s t value at the interface and since i t will be about ten times s m a l l e r than the gradient in the g a s , i t follows that the t e m p e r a t u r e r i s e a t the interface i s s m a l l in comparison to the temperature r i s e in the interior of the gas.
Hence the condition for the temperature on the boundary TB can be e xp r e s s e d M. S. P l e s s e t and S. A. Zwick: J . Appl. Phys. 23, 95 (1952) .
In o r d e r to generate the collapse, the ambient p r e s s u r e in the liquid i s raiskd to a uniform value p while the gas in the i n t e r i o r h a s C n the uniform value p < p . Initially the liquid and the gas a r e a t r e s t .
Fd
Allowing the p r e s s u r e difference to take effect, the subsequent motion of the cavity wall i s governed by the well-known relation for a collapsing spherical cavity [ 161 where p i s the p r e s s u r e exerted by the gas on the cavity wall, U and B R a r e the velocity and radius of the wall and p i s the density of the L liquid. At the center of the cavity the boundary conditions a r e where u i s the velocity, T the t e m p e r a t u r e and r the radial coordinate.
Since t h e r e i s a moving boundary, i t i s n e c e s s a r y to e x p r e s s the equations of motion of the gas in Lagrangian f o r m which for spherically s y m m e t r i c motion a r e , [ I 6 ] M. S. P l e s s e t : J . Appl. Mech., 16, 277 (1949) . where p and p a r e the density and p r e s s u r e in the gas and C . and k v a r e the specific heat at constant volume and t h e r m a l conductivity. These l a s t two quantities a r e assumed to be constant throughout the motion --a n assumption which i s not valid when the gas reaches higher t e m p e r a t u r e s .
M i s the molecular weight of the gas and y i s the Lagrangian independent variable referring to a particle of the gas. R i s the universal gas g constant.
The above s e t of equations and boundary conditions were expressed in the f o r m of finite difference relations a s outlined in the Appendix, and solutions obtained by means of a high-speed digital computer. The initial conditions were chosen in accordance with those discussed in the previous section. The p r e s s u r e poo was made equal to 3 atmospheres and the initial temperature To was Z O O C . The initial p r e s s u r e p inside 0 the cavity was put equal to 0.075 atmospheres. This was chosen only slightly l e s s than the up e r limit mentioned in the introduction ; n o r d e r to keep the time of computation to a minimum. Moreover continuum theory i s m o r e certain to be applicable when the initial p r e s s u r e has this value.
The calculations were c a r r i e d out for bubbles containing neon and nitrogen, of initial radii 10-, 10-\ 10-'cm.
Discussion of the Results
It i s of interest to non-dimensionalize all the variables in the equations given in the previous section. Using the velocity of sound i n the gas co under the initial conditions, the initial radius Ro, the initial density and temperature of the gas p and To, the dimensionless If the thermal conductivity i s negligible, Eq. (6) shows that the gas will behave in the usual adiabatic manner dependent principally upon whether the molecules a r e monatomic o r diatomic. In this case the time will scale with the initial radius R while the relative temperature p r e s s u r e 0 '
and velocity distributions will always be of the same magnitude regardl e s s of the initial size of the cavity. On the o t h e r hand the effects of t h e r m a l conducti,on a r e i n v e r s e l y r e l a t e d to s c a l e . When Ro i s l a r g e the behavior -of the g a s will be a l m o s t adiabatic, and when Ro i s s m a l l ' h e a t conduction will have a strong effect. The influence of h e a t conduction a l s o depends on the initial p r e s s u r e and to a l e s s e r degree on the initial t e m p e r a t u r e .
If po< < pa, i t i s to be expected that the behavior of the gas will have a negligible effect on the i n e r t i a l f o r c e of the liquid throughout the m a j o r p a r t of the collapse. Hence the total collapse t i m e T i s practically independent of the contents of the cavity, and will t h e r e f o r e be p r o p o rtional to the initial radius R The t h e r m a l diffusion length L will 
Thus the s m a l l e r bubbles will show i n c r e a s e d effects of h e a t conduction even though t h e i r collapse t i m e s a r e s m a l l e r .
Another important feature i s that the velocity of sound i n the g a s r e m a i n s much higher than the velocity of the bubble wall throughout m o s t of the motion. Under such conditions the p r e s s u r e in the gas will r e m a i n comparitively uniform, because the effects of the disturbance c r e a t e d by the cavity wall have t i m e to be distributed evenly throughout the g a s .
These f e a t u r e s a r e a l l c l e a r l y shown in the numerical solutions.
When Ro i s l a r g e the solution i s the s a m e a s f o r a uniform adiabatic g a s , the differences being found to be within l e s s than 1 DJo a t R / R = 0. 3. Ro = 10 the t h e r m a l conductivity shows a perceptible effect, p a r t i cu l a r l y when the t e m p e r a t u r e gradients become l a r g e . This i n c r e a s e s -2 when Ro = 10 . When Ro = lo-', h e a t conduction modifies the condition of the g a s quite significantly, and i t i s s e e n that the t e m p e r a t u r e of neon falls slightly below that of nitrogen. As expected the p r e s s u r e i n the gas r e m a i n s relatively uniform throughout the motion for all the c a s e s considered. F i g u r e 4 shows how this uniform p r e s s u r e v a r i e s a s a function of the bubble radius R, a s compared to a n adiabatic o r a n i s ot h e r m a l gas. F o r the l o -) c m bubble the slope i s s e e n to be a l m o s t along the i s o t h e r m a l initially but a s the collapse a c c e l e r a t e s i t a l t e r s s o that i t p a r a l l e l s the adiabatic.
The solution f o r the 1 om3 bubble r e p r e s e n t s the c a s e c l o s e s t to t h e conditions of the experiments of P r u d h o m m e and Guilmart. However the a v e r a g e s i z e of the cavitation bubble i n these experiments i s e s t i m a t e d to -3 be somewhat s m a l l e r than 10 c m , s o that the effects of t h e r m a l conduction will be even m o r e pronounced. Hence the t e m p e r a t u r e in the neon bubbles will fall m o r e distinctly below that i n the nitrogen bubbles..
This would account f o r the difference in luminous intensity shown in Table 1 . Using these equations and the variables on the i th row, a f i r s t estimate was obtained for the variables on the (i t 1)th row. In o r d e r to improve the accuracy of the derivatives with respect to the time t , one iteration was performed using this f i r s t estimate averaged with values on the i th row. These averages were substituted in the appropriate locations within the above finite difference format and the new values which resulted were then c a r r i e d on to the next stage. It was found necessary to make one exce.ption in this process however. During the l a s t stages of the calculation towards the end of the collapse, the procedure was found to be unstable unless the expressions in u in equation (I. 5) were replaced by + + ui ' ) and [ui -ui ] in the iteration. This change made no j t l j t l j apparent difference in the accuracy of the results.
On the cavity wall, the velocity was found f r o m equation (2) The p r e s s u r e on the wall p ' was obtained by combining equations (2) R and (5) to give and the derivative a T / a y on the cavity wall was found using the form (I. 10)
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